ABSTRACT Two cohorts of chrysotile miners and millers in Quebec were selected to study the extent to which chest radiographs taken while still employed predict mortality. The paper presents mainly findings in much the larger cohort, which consisted of 4559 men (two-thirds past workers) whose latest radiograph had been assessed by one of six experienced readers into what became the UICC/Cincinnati (U/C) classification; by the end of 1975 there had been 1543 deaths in this cohort. The findings were generally confirmed in the other cohort, comprising 988 current male workers, who had been examined in 1967-8 by questionnaires on respiratory symptoms and smoking and by lung function tests, and for whom all six readers had assessed their 1966 radiographs into the U/C classification; 130 men had died by the end of 1975.
end of 1975, the cohort suffered 4463 male deaths; the overall excess mortality from 1926, the first year Quebec data were available, to 1975 was 2% at Asbestos and 10% at Thetford Mines, much the dustier of the two chrysotile producing regions in Quebec. Among men employed at least 20 years there were clear excesses in those exposed to the heavier dust concentrations. The dose-response was effectively linear for lung cancer and for pneumoconiosis. Deaths from lung cancer occurred in non-smokers, and their exposure-response line was steeper than for smokers. There were ten male deaths (and one of a woman) from mesothelioma, all pleural. If the only subjects studied had been the 1904 men with at least 20 years' employment in the lower dust concentrations (averaging 6-6 million particles per cubic foot or about 20 fibres/ml) excess mortality would not have been considered statistically significant, except for pneumoconiosis.
In 1967-8 an age-stratified random sample of 1015 current male employees was subjected to a standard questionnaire on smoking and respiratory symptoms, and to lung function tests. Dust exposure accumulated until November 1966 was calculated for each man by the methods of Gibbs and Lachance. 6 The prevalence of persistent cough and phlegm (bronchitis) was related to age and smoking habits and, perhaps, in non-smokers and light smokers, also to dust exposure; breathlessness on exercise was related to age and dust exposure (table 1(a)) but not to smoking.7 In the same sample Becklake et a19 found that inspiratory capacity, forced vital capacity, and forced expiratory volume were associated with dust exposure (table l(b)). In effectively the same sample a posteroanterior chest radiograph taken in 1966, or occasionally slightly earlier, had been assessed in 1967 by six experienced readers into the fore-runner (details available on request) of the UICC/Cincinnati classification, 10 and the relations between radiological changes and pulmonary function were examined.11 Even in workers whose radiographs showed no evidence of parenchymal disease, vital capacity and forced vital capacity may have been slightly reduced; in the presence of slight parenchymal changes vital capacity and forced vital capacity were impaired a little further, and vital capacity and exercise-minute ventilation were more generally related to radiological abnormality. For any given grade of parenchymal change, function was a fraction more impaired when pleural thickening or calcification, or both, were also present. Rossiter et al'2 reported on radiographic changes in 11 207 male production workers; among the 6127 aged 36 to 65 at last employment or in November 1966, the prevalence rose with increasing accumulated dust exposure (table 1(c)).
An important need remained: to relate mortality, the response of ultimate epidemiological importance, to earlier signs and symptoms. A limited study of mortality in relation to radiographic changes was reported by McDonald et al.2 Among those in the mortality cohort traced to the end of 1969, chest radiographs were available for 5082 men, of whom 785 had died. At Thetford Mines, 97 deaths in those with parenchymal changes on radiograph (with or without pleural changes) were observed, compared with 64 expected on the basis of death rates in men without x-ray changes. In the excess 33 deaths 24 were attributed to respiratory causes. At Asbestos the difference between the mortality of those with and without x-ray changes was less.
We report a project, described in detail by Liddell, 13 that exploited the material already collected from all these investigations. Its main objective was to answer the question: "To what extent can radiological changes in those who have been exposed to asbestos dust predict mortality?" 10 years older than in the full cohort in which substantially fewer early deaths would thus have been expected. In cohort 1 over one-quarter of deaths occurred before the end of the year after that in which employment ceased, and their comparatively large number would allow the possibility of examining whether they could have been predicted from a radiograph taken only a fairly short time before death. Other differences, also tending to explain the enhanced SMR in cohort 1, were that both net service and accumulated dust exposure were greater than in the complete cohort-that is, 18-2 years and 317 mpcf-y compared with 10-5 years and 202 mpcf-y.
A major disadvantage of the man-years method is that, strictly, it requires the subdivision of the cohort into "subcohorts" according to the various factors of interest and that these subcohorts remain mutually exclusive. Even in cohort 1 the variables we wished to study were at least nine, and to maintain mutual exclusivity there would have had to be over 500 subcohorts; on average they would have consisted of only nine subjects of whom three would have died from any cause. Such an approach was not feasible, particularly as several variables had to be considered at several levels and others would subdivide the cohort quite unequally. In cohort 2, with several more factors of interest and much smaller numbers, the difficulties were even greater. Therefore, separation into subcohorts was made, one factor at a time, in the clear understanding that the classifications were in no sense independent of each other.
The radiographic features examined were as listed in table 4. In addition each subject was classified as radiologically "normal" or "less-than-normal"; to be normal there had to be no record of change (profusion of small opacities 0/-or 0/0 for both rounded and irregular shapes; no large opacities; no record of pleural thickening, whether of the walls or affecting the costophrenic angles, the diaphragm or the cardiac border; no record of pleural calcification; and no "additional symbols"). In cohort 1 just two-thirds of the subjects were normal; in cohort 2, where all six assessments had to be normal, less than one-third of the subjects were classed normal. For each radiographic feature, the complete cohorts were subdivided afresh, and the less-than-normal subjects may have appeared in several subcohorts defined by the presence of specific features. Two further analyses were carried out for To study the "failures" of radiology to predict mortality where it should have done, we adopted the following approaches, arguing a posteriori. Firstly, we studied the x-ray readings of all cases of death due to pneumoconiosis and lung cancer, and, because of its special interest, mesothelioma, and examined the provenance of those with normal and less-than-normal films. Further, in cohort 1 we carried out two case-control studies, as follows. For each of the 31 deaths from pneumoconiosis and for each of the 118 from lung cancer, we selected a control born in the same year (or occasionally a year earlier) and known to have survived to a greater age than the case. Each control was selected from among men whose radiographs had been assessed by the reader who had also assessed the film of the case. Where there were several eligible controls, the choice was made by a process of strict randomisation.
Because cohort 1 was much the larger and suffered proportionately higher mortality, this paper is based mainly on findings from this cohort, but they were generally confirmed from cohort 2, as will be indicated. The relative importance of respiratory symptoms, lung function measurements, and radiological signs, as assessed from cohort 2 after a longer period of follow-up has been completed, will be discussed elsewhere. Tables 2 and 3 describe Table 2 shows the prevalence of the main radiographic features: the trends found in cohort 2 (table 3) were as similar as could be expected in the light of the different provenances of the cohorts. Although, in cohort2, the older men were shorter than the younger, this did not account for the clear trend in forced vital capacity, while the older the men the higher the prevalence of breathlessness. Correlations between thevarious radiographic scores, environmental factors, and smoking were reasonably similar in the two cohorts; the highest were among the radiographic findings, and these were positively associated with exposure to dust. The coefficients of correlation of smoking habit with the other variables were all small (less than 0O05 in cohort 1 and than 0-09 in cohort 2).
The 4559 men in cohort 1 had been classified into six "sets" according to which reader had assessed their radiographs. These sets were compared for size, number lost to view, proportion who had died, distribution by cause of death, distribution by quinquennium of birth, average age at last job, average net service, and average accumulated dust exposure to test the "null" hypothesis; none of the test statistics came close to the conventional level of statistical significance. It would therefore seem that the randomisation had achieved its purpose in equalising the six sets of subjects, so that differences between them in terms of radiographic assessment or relations of such assessments to mortality or other factors were almost certainly due to differences between the readers. In fact the proportion of "less-than-normal" subjects, in the six sets, varied from 20-9 % to 39 9 %. The gradient with age seen at Table 6 gives, for cohort 1, RRs of death from selected groups of causes associated with: (a) an assessment of less-than-normal; (b) the presence of each radiographic feature; and (c) accumulated dust exposure at least 300 mpcf-y, and cigarette smoking (the last for men of known smoking habit only). For (a) and (c), x2 statistics (each with 1 df) were calculated in the usual way. For (b), both RR and x2 (again with 1 df) were found by comparing the mortality of those in whom the specific radiological feature was present against the normals, in an orthogonal partition of the three subcohorts: normals; less-than-normals involving the specific feature; and other less-than-normals.
For pneumoconiosis, each specific radiographic feature except pleural calcification led to RR more Although RRs for diseases of the heart were generally lower (between 1-12 and 1-98), some values of X2 were large because they were based on many deaths. The dust and pneumoconiotic effects may reflect deaths from heart disease secondary to fibrosis. The "additional symbols" associated with high risk may have included those relating to heart conditions-for instance, cor pulmonale or enlarged heart. The smoking effect was to have been expected from other studies in asbestos workers5 and in other populations (see several reports summarised by Holman17). The RRs of all other known causes of death were, in most cases, among the lowest for each factor examined, but, as before, large numbers of deaths led to high values of x2 in several cases. Asbestos-related disease and smoking may contribute to death in any life-threatening condition.
A POSTERIORI REASONING Parenchymal change was recorded in 23 (74 2y%) of the 31 deaths certified as pneumoconiosis, but five were normal. The other three were: pleural thickening (1); left costophrenic angle obliteration and an "additional symbol" (1); and a single additional symbol (1). (Unfortunately, it has not yet been feasible to discover which particular additional symbol had been recorded in these two cases.) The distributions of parenchymal changes are given in table 7(a). Among the 23 readings of small opacities, there were three where the rounded shape predominated (one case each of p, q, and r) and 20 with irregular opacities, 12 of size u. In four films large opacities had been seen, each in association with small opacities of profusion at least 2/2. The median profusion of small opacities in the 23 films was 2/2.
Each of the 31 case-control pairs was classified according to whether "pneumoconiotic change" (that is, small or large opacities, pleural thickening or calcification) was: (a) present in both members of the pair (seven pairs); (b) present only in the case (17 pairs); (c) present only in the control (two pairs); and (d) absent in both (five pairs). The appropriate test18 is based on the numbers in (b) and (c) only. The modifications proposed by Pirie and Hamdan'9 have been incorporated. Such numbers were too small for a test for each reader separately, but (b) was larger than (c) for five readers and equal for the sixth. Pooling yielded x2 = 11X07, which provides some confidence that the excess of pairs in (b) over those in (c) was not due purely to chance.
One death from pneumoconiosis was found to have occurred in a man with recorded accumulated dust exposure less than 30 mpcf y; his last job had apparently been at Thetford Mines in 1930, at least 15 years before radiology was started there, and a substantial further history of exposure was subsequently traced. Even including this man in the analysis, however, there was a clear relation of risk to dust exposure; there was no corresponding relation with smoking. Finally, we wished to discriminate between those 23 pneumoconiosis deaths in which the radiograph had shown pneumoconiotic Table 7 Parenchymal changes in deaths from pneumoconiosis and lung cancer Capital letters refer to large opacities: A, B, and C well defined; D, E, and F poorly defined.
change and the other seven (excluding the man with incomplete history). All 30 had accumulated dust exposure of at least 100 mpcf y, 20 of those with change (87%) and four of those without change (57%) having been exposed to 300 mpcf y or more.
The interval between last recorded job and death was less than five years in 13 of those with change and in four of those without change (57% in both cases). The difference between those with and without change is small for dust exposure, and trivial for the other factor. The investigation of deaths from lung cancer followed similar lines. The number of deaths was increased from the 119 shown in tables 5 and 6 by two that occurred before 1951, but reduced by three which, although coded 162 or 163, were in fact found to be from mesothelioma-see below. The pattern of radiographic change in these 118 cases was quite different from that in the deaths from pneumoconiosis: firstly, there was a much higher proportion of normals (48, or 407%) compared with 16-1 % in pneumoconiosis; secondly, not only was the proportion of the less-than-normals showing parenchymal change rather lower than in pneumoconiosis cases (55 7% compared to 88 5 %), but such parenchymal changes as were recorded were also rather different in character (table 7(b) ). In lung cancer, compared with pneumoconiosis, the profusion of small opacities was substantially lower (median 1/1), they were more often rounded, and of 25 with irregular small opacities 18 were of size t; finally, in 14 cases in which large opacities had been recorded, only three were associated with small opacities of profusion 2/2 or greater, and six had no background of small opacities.
The 118 case-control pairs were classified as: (a) both members less-than-normal (24 pairs); (b) case less-than-normal but control normal (46 pairs); (c) case normal but control less-than-normal (14 pairs); and (d) both normal (34 pairs). For all readers, the number of pairs in (b) was greater than that in (c), and for two readers the x2 statistic was substantial (7X52 and 5 56). Pooling over readers produced x2 = 16-54, a little higher than for pneumoconiosis, but arising more on account of the larger numbers than because of better discrimination.
The expected dose-response relations were found both for dust exposure (the RR for those who had accumulated at least 300 mpcf-y relative to the less heavily exposed being 1-67) and for cigarette smoking (RR for current smokers, compared with others, being 3-44), but neither factor discriminated well between normals and less-than-normals. The longer the interval, however, between last recorded job (usually less than a year after the radiograph had been taken) and death, the higher the probability of the film being normal: where the interval was less than five years, there were nine normals among 48 cases (18-8%); for interval five but less than 10 years, there were 16 normals in 36 cases (44 4 %); interval 10 but less than 20 years, yielded nine normals in 14 cases (64 3%); and interval at least 20 years provided 14 normals in 20 cases (70 0%). In 11 of the 14 cases of lung cancer in whose films "large opacities" had been assessed, the interval was less than five years; in the six cases with "large opacities" but no small opacities, the intervals were all short, three of the men dying in the same year as that of his last job, two in the following year, and one in the year after that.
A total of six deaths within the two cohorts had been recognised during the main mortality study as due to malignant mesothelial tumour, all of the pleura. The films of those who died from within about a year of the radiograph being taken had been read as follows: (1) t, 0/1; (2) right diaphragm irregular and pleural calcification of grade 3; and (3) one additional symbol. The other three films had been taken five to nine years before death, and the readings were: (4) p, 1/0; and (5) normal; the sixth case (in cohort 2) had been assessed as showing pleural calcification by all six readers; three readers had recorded minor parenchymal change (p, 0/1; t, 0/1; u, 1/0) and a fourth that both diaphragms were irregular.
Discussion
Asbestos workers and others exposed to dusts are x-rayed periodically for two main reasons. Firstly, it is hoped that minimal signs of pathological effects will be discovered sufficiently early to enable workers to be removed from exposure before they suffer further. Secondly, the radiographic findings, taken collectively, can be used to monitor the working environment as a guide to whether and where more stringent dust control is required. Both these objectives are dependent on how well chest radiographs, and those who read them, can record the early signs of important disease. Even The effects of asbestos are fibrogenic and carcinogenic. In pathological terms these responses are distinct, and, while both appear to be directly related to exposure, they may or may not occur independently. The histological and morbid anatomical changes characteristic of asbestosis are reflected in the development of the UICC/Cincinnati and ILO U/C classifications that were created to allow recording of irregular parenchymal opacities and pleural thickening. It would thus be of serious concern if the occurrence of these radiographic changes did not forecast mortality from pneumoconiosis and its complications to a useful degree. Our findings show that this aim was achieved reasonably well and that some of the failures could be explained. Nevertheless, in cohort 1 (and based on study intervals without gap; see footnote t to table 4) the SMR (all causes) for men whose radiograph was read as completely normal was 1P17 (an excess of 116 over expectation of 675), compared with 1 44 for the total cohort (overall excess of 437 against expectation 990). Thus these routine radiographs failed to detect 27 % of the excess mortality, presumably attributable to exposure to asbestos. This interpretation is somewhat optimistic in that a high proportion of deaths took place within a year or two of the radiograph when, even had abnormalities been detected, no improvement in outcome could have been expected. Clues to the cause of this failure, but no certain explanation, can be inferred from table 5. Of about 437 excess deaths in cohort 1, only 124 (28 %) were caused by respiratory diseases, and in these the ratio of the SMRs was considerably higher than the average for all causes. This suggests that the main failure of the radiograph 'to predict mortality was in deaths where asbestosis was a contributory rather than the primary cause. This does not mean that the readers were unable to detect changes in these cases; their success with the respiratory deaths suggests that they could. It implies, rather, that they could not discriminate well between those who were or were not affected by some other life-threatening.disease-which is hardly surprising. It would also be unreasonable to expect the readers to distinguish smokers from nonsmokers. Because tobacco is at least as important as asbestos in causing cardiorespiratory disease and lung cancer, discrimination by radiograph alone is bound to be limited. These conclusions may not apply to other types of asbestos fibre or industrial exposure where the risks of cancer, relative to fibrosis, differ; they are not generalisable to other readers and less wellcontrolled circumstances. The opportunities for subjective bias in x-ray reading are notorious. Without meticulous observation of well-tried rules, developed to ensure objectivity,21 the levels of validity, sensitivity, and specificity shown in this study might well be reduced. On the other hand, better film quality, more highly standardised technique, and perhaps some improvement in the classification could produce even better results.
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